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ANNOTATIONS

This paper reviews the methods and instrumentation used in
satellite ﬁeconnaﬁssance of BEarth features. The problems of inter-
preting this information for the different sectors of the economy

are not .considered herein.

| Changes in the electromagnetic spectrum of solar radiation
-feaching detectors on board sateliites are analyzed. Possible meth—
ods are given for the recognition of natural features. Requirements
for satellites are specified. The principles of operation and the
characterlistics of photographic and television cameras, scanning
radiometers and active radar methods for the investigation of the
Earth's resources aré‘briéfljfgisquSSéd."Tﬁpmg‘bf"tﬁé”pfgbléfﬁf\
subject’ to solutidh in the near fiture are cited.)
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FUNDAMENTALS OF THE SPACE INDICATION OF EARTH RESOURCES

V. V. Andreyanov

Introduction

The increase 1n the world's population, the progressive destruc-
tion of its resources, the pollution and destruction of the environ-
ment make it necessary to take measures on a g1oba1 scale to dévelOp

and protect new rescurces and to improve the effectiveness of!ﬁﬂeif]

utilization.

One of the most Important problems facing science is the protec-
tion of the natural environment. The pressing need and importance
of sblving the common prcblems of discovery, control, and protection
of the naftural resources of the Earth, including the environmenf,is
no longer in doubt. The problem facing science now 1is one of "éd-
justment between man and nature"”, of predicting the consequences of
the development of current technology, and of the development of
methods and means which would lmprove the existence of future genera-

tions.

An important role in the solutilion 6f these global problems,

many of which do not have national boundaries, will be played by the

*
Numbers in the margin indicate pagination in the original foreign
text.
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space sciences. The first steps have been taklen. However, the
questicons as tTo what measurements and surveys relying on space tech-
nology should be selected, and how these shcould be performed, have
yvet to be answered., The manner in which the results of these meas-
urements can be used and the particular ccmbination of conventional
and space methods best suited for the varlicus sectors of the economy

have yet to be determined.

At present, the feasibllity of using space methods and means
is being determined both experimentally and theoretically. We are
witness to, as well as participants in, the successful, but prolonged
develeopment of space sciences in weather forecasting, radiation

monitoring, and in radio communications.

The study of the Earth's resources presents a very wide diver-
51ty of tasks. An 1nitial classification according to priorities

based on human needs is given in Table 1.

I'his table presents four categories of requirements of a modern /5

gsoclety and lists the sectors of the economy and branches of science

which serve to fulfill these needs.

The fundamental areas of knowledge, such as physics, chemistry,
mathematics, and sociclogy, are related to all four groups. Although,
strictly speaking, it is true that the fourth group does not belong |
to the category of natural rescurces, 1t does reflect the needs of
humanity. The third coluﬁn of the table list; most of the charac-

teristice of natural resources which can be controlled or studied.

The most Important characteristic of aerial/satellite methods
of investlgating natural resources is that all measurements and sur-
veys have to be made remotely through the atmospheric layer.

What phenomena permit the remote sensing of the Earth? 1In
general, 1t 1s the eigen electromagnetic radiation over a broad

range of frequencies; the reflected radiation from the Sun (or from



TABLE 1

Sectors of economy

Problems and branches of Subject of investigation
science
I.] Production | Agriculture, fishing |Soll condition/molsture, salinity, erosion, tempera-
of food and cattle indus- ture/appearance, age, degree of maturity, presence
supplies tries, develcpment of disease, territorial distribution of grass, gar-
biology, and dens, meadows, filelds; deftecticn of locusts, mos-
meteorology guitoes, and other pests; condition of irrigatiocn
and development systems; quantity and migration of
cattle, reserves and distribution of fish, algae,
and cther sea products; reserves and distribution
of fresh water,

II.} Production | Geclcgy, forestry, Appearance, age, condition, territorial distribution
of raw cceanology, and wood content of forests; sources, areas and
products geography movement of fires; reserves and distribution of ores,

: oii, gas, coal, construction rock, salts, minerals
and other deposits; discovery of subsurface waters/
volume and distribution/.

LI1I.| Study and Meteorology, oceanci-|Quantity and distribution of solar radiation; degree
control of ogy, water re- and character/chemical, mechanical, biclogical/; air
the en- socurces, urbani- and water pcliuticn; distribution and condition of
vironment zation, biology, ice, snow, icebergs; condition of cocast line and

geography underwater ¥*; content and distribution of moisture,
ozone, carbon dioxide, cxygen, and other atmospheric
gases; motion of air and water masses/currents, tur-
bulences, clouds, precipitates, w1nds/, water level
in basins; surface relief.and its changés; condi-
tion of volcanos

IV.[ Social in- |Culture and education,Distributionof settlements, planning of cities and
tercourse, transportation, —| transportation links; conditicn of ionosphere/influ-
development communications (on ence on radlocommunications/ magnetosphere/influence
of people Earth, space) on communications and navigation/.

geography, naviga- :
ticn

Translator's note — missing Russian word in original forelgn text.
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artificlial radiation sources on space stations); and magnetic and
gravitational fields. The investigation of the relationship between
the parameters of these radiations and flelds and the characteristics
of minerals, rocks, seas, forests, atmosphere, and c¢ther rescurces

is one of the basic scientific prcblems 1n the study of natural re-

sources from space.

Figure 1 represents a schematic representation of the remote
sensling of charaqteristics of objects on the ground. Current methods
and means of measurments are especially successful in the detection
of electromagnetic emissions. Therefore, artificial Earth satel-
lites (AES) are equipped with instrumentation primarily sensitive

to these éﬁﬁ#sions.

. The primary advantages of studyilng natural resources from orbit-
ing AES in compariscn with {fraditional ground metheds include: the
investigation of large territories and large bodies of water (a
single frame from an Earth satelllite will cover an area of 10 - 50
thousand square kilometfers, with a resolution at the surface of 100 -
200 meters); the simultaneous study of the surface and of the atmos- :
pheric layers at various heights; the determination of the relation-
ship between various phenomena occurring in different regiocons of the
Earth; the systematic observation of the develcopment of natural phe-
nomena, especially important for the more l1lnaccessible regions of
the Earth; and, the collection of information from air, sea, and
ground measuring probes and platforms concurrently with the perform-
ance of remote sensing. It shcould be noted that AES, in- orbits at
altitudes of over 200 - 300 km, may be able to operate for prolonged
" periods (1 - 3 years), regardless of the seasons, weather conditions,

and other ground factors.

On the other hand, the realization of these potentilals entails
a number of difficultiles. The data on natural resources 1s of an
indirect nature. The range of frequencies suitable for the study cof
the Earth's surface includes only the visible range (0.4 - 0.7
microns), the ultraviolet and infrared windows (0.2 - Ofﬂk 0.7 = 2.4,



3 -5; 8 - 15 microns), and part of the radio range (fractions of a
centimeter to tens of meters). These limitations are imposed by the
atmosphere. If{ 1s also necessary to take into account the influence
of the atmosphere in the entire optical range. The motion of the

AES and the diurnal and annual motion of the Earth must be considered
as well, As a result, the remote sensing of natural resources fron
space became feasible only due to progress in the space sciences,

and in the technology and methods of data processing.
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Reflected and Emitted Radiation from the Earth

The short wave portion of the electromagnetic radiation from
the Sun (approximately up to 0.3 microns) 1s scattered or absorbed
even by the uppermocst layers of the atmosphere, while radio wave=-
lengths longer than 20 - 30 meters are stopped by the Earth's iono-
sphere. Therefcre, only the part of the solar spectrum between 0.3
microns and 20 meters can penetrate the atmosphere. 1In thils portion
of the spectrum (from the near ultraviolet to the radio range), the
energy is distributed very nonuniformly; 95% of all the energy of
the solar radiation 1s contained in the range from 0.3 - 2.4 microns,
that 1s, 1n the wvisible, near ultraviolet, and infrared portions of
the spectrum. The maximum in the energy spectrum corresponds approxi-
mately to 0.5 microns, in the yellow-green portlon of the spectrum.
The energy of sclar radiation carried by the radio Wavelengths is

infinitely smaller, and corresponds approximately7§0\10_12 of the

energy in. the visible range.

The penetration of the Sun's radiation to the surface of the

Earth 1s accompanied by the following processes:

— absorpticn,
— scattering,
— refraction,
— addition of eigen radiation from the atmosphere to the solar

radiation.

In the radio wavelength portion of the spectrum, sharp absorp-
tion peaks lie in the range of 22, 60, 110, 200, and 300 GHz.

The atmosphere partially absorbs the radiaticn in the visible
and near infrared regions of the spectrum. Solid and ligquid
particles (aerosols) dispersed in the atmosphere scatter the incident
radiation. The most strongly absorbed wavelengths lies in the range

of 2.4 - 3, 5 - 8, and above 14 microns. The visible portion, the



most intense one of the spectrum, penetrates well to the Earth's
surface, despite the action of the atmosphere. Since the natural
formations studied most frequently from AES (with the exception of
extended targets) are seen against a backgrocund of surrounding ob-
Jects, then the degree of discrimination in many cases is determined
by the contrast. Scattered radiation from the atmospheric aerosols
decreases contrast. The intensity of scattering depends on the
‘ratio of the aerosol particle size (f) and the wavelength of radia-
tion (A). Haze particles are very small: the radius  is smaller than
0.5 microns; fog and clouds contain droplets c¢r ice crystals with
radii between 1 - 100 microns. In addition, fog comes into contact
with the Earth's surface. Rain drops have radiil between 0.25 and 3
mm. Thus, haze scatters visible radiation (when ¢ %.l): but trans-
mits infrared. Fog and clouds scatter both visible and infrared.

Only radio wavelengths are not scattered by atmospheric aerosols.

A consequence of atmosphericfﬁefﬁac@igh is the change in the
direction of propagation of the radiation as it passes through opti-

cal and temperature inhomogeneities of the atmosphere.

On reaching the surface of the Earth, the solar radiation 1is
partially reflected and partially absorbed. The reflected portion
of the energy, once it passes through the atmosphere again, can be
detected by satellite ilnstrumentation. The transformation process

of the solar radiation can be graphically represented as in Figure 3.

Cloud cover makes it impossiblle to see the surface of the Earth
in the optical range, due to the intense background of scattered
radiation, as well as due to absorption. On.a global scale, the.

Earth reflects less than 10% of the energy reaching 1t from the Sun.

Thus, with an energy flux in the visible and infrared regions
beyond the atmosphere's boundary equal to approximatély 0.14 W/cm2,

only 0.07 W/em? reaches the surface, and only 6.4 mW/cm? is reflected.

However, average figures are useful only in the evaluation of the .
Earth's energy balance, and not for calculating remotely sensed

objects.

/9
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The eigen radiation of the Earth is determined in the same

~
o

a temperature T. The wavelength of maximum radigtion corresponds

to that given by Wien's Law: when T = 230° K, A = 10 microns.

max.rad,
Ninety-nine percent of the thermal radiation emitted by the
Earth's surface is 1ncluded in the range of wavelengths between 3 -
80 microns. Thus, even that porticn of the Sun's energy which is
absorbed and heats the Earth's surface 1s, in fact, detected again

in the infrared pertion of the spectrum.

Thus, the radiation spectrum from the Earth's surface has two

main peaks: one at A { 0.5 microns, produced by the reflected solar



radiation, and the other at A % 10 mierons, due to 1ts own thermal
emission. The minimum between these two peaks lies 1n the region
of 3.5 microns (see Filgure 2). This is an integral dependence,

and in this sense it may be called the Earth's background spectrum.

At night, the short_wggEXminimum of the spectrum fades away.

In addition to the thermal radiation from the Earth's surface
and from the atmosphere, when the spectrum 1s a continuous smoothly
varying curve with a maximum determined by Wien's Law, the atmosphere
and the varilous processes on Earth produce radiations with sharply
defined line spectra. This 1s very often called a characteristic
spectrum.

The atmosphere produces narrow line spectra, generated by
atomic and molecular processes and electrical discharges in the at-
mosphere. We already know that changes in the rotational and vibra-

ticnal energy states of I, 0, O and CO, molecules are significant

2 27 2

sources of characteristic radiations from the atmosphere.

From the BEarth's surface, characteristlic emlssions cccur, for

example, as a result of combustion procdsses: forest and prairie
fires,ﬁfifég;lﬁdg'firaﬁ, etc.

Water vapor and carbon dicxide gas are the most frequent pro-
ducts of combustion processes, During combustion, an intense emls-

sion band occurs in the range of 4 - 5 microns (cog), as well as a

less intense one around 2.7 microns (superposition of H,O and 002).

2
A line spectrum around 3.5 microns is produced when hydrogen chloride

is formed during combustion.

Y
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Estimation of Atmospheric Effects

The atmosphere substantlially affects the transmission of visible /13
and infrared radiations. As a result, radiation parameters detected
by satellite instrumentation from objects on the Earth differ from
those which occur in reality (Wwithout atmospheric effect). The esti-
mation of this effect is difficult.

Satellite instrumentation responds to the radiant flux from

ground objects Pgb. Since the view angle of the instrument and the
area of the sensitive surface are usually known, it is possible to
determine the brightness of the object igb’ which presents the radi-

ant flux ét a unit solid angle and a unit area. When the magnitude
of the incident flux Pn is known, then the reflectivity ccefficlent

may be calculated from:

if it is assumed that there is no cloud cover, and that ‘atmos-
pheric scattering 1s primarily determined by haze (this 1s a real
case when the surface is visible), then:

I* =1 1+ 1

ob ob h?

where 1 — atmospheric transmission coefficient over the object;
Ih — overall brightness of the haze, which over small ground
objects is assumed to be equal to that over surrounding
background;

Iob — the unknown brightness of the object at the surface.

Tne brightness of ground objects IOb depends on its own charac-
teristics Yob (primarily surface characteristics), on the wavelength

A at which the measurement is made, and on the view angle ¢ (Figure 3).

10
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The atmospheric transmission coefficient T depends on the opti-

cal state of the atmosphere Yotm (specifically, on the degree of

optical transparency), on the wavelength A, and the view angle ¢. /1l
The overall brightness of the haze Ih also depends on Yh"k’ ¢, and,

in addition, on the height of the atmospheric distribution above the
haze and the brightness of objects below the haze, that is, on the
effects of multiple scattering.

If the indicated guantities are taken for a single band, corre-

sponding to spectral values Ibg:k;%lsrlh A\Fé Subécfiptedrby 1),'theﬁ

the equation for the remote sensing of the brlghtness can be written:

Iobl—ffj obﬁ)) d;ttm,g)dj +
+j[ Ta (v) Tuh) 1 b

The limits_A1 and‘A2_are determined in practice by the detec— ‘

tor's bandpass. When the radiation flux from a ground object is due
to not only the reflected solar radiation, but also due to its own
radiation, then the first integral will include the sum of two terms

Iob and Iob.self.'

from-1 - 15 microns.

In practice, this takes place in the windows

Theoretically, it 1is necessary to set up a spectral and spatial
atmospheric model, and to take intc account the scatfering and the
parameters which determine the reflective properties of the surface.

Experimentally, the method consists in determining the bright-
ness of objects in the Immediate vicinity as well as at a distance,
when measurements are affected by the zatmosphere. Howéver, in addi-
tion, it is necessary to take into account the view angles, the %ime
of measurements and, what is most difficult, to know the scatter in
the parameters of simllar surface types and the varlation of atmos-

pheric properties at different locations and at different times.

11



Principal Characteristics of Differences Between

Remetely Sensed Ground Objects

Emitted or reflected radiation from ground formations, reaching
the instrumentation of AES, can be categorized according to various
agents. These agents affect the amplitude, frequency, phase, and

polarization of electromagnetic waves.

Moreover, it 1s possible to make a selective spatial selection
of the radiation coming from distinct elements of the observed ground
objects. Naturalily, all these alternatives may be utilized not only
concurrently, but also repeatedly.

In accordance with this, the recognition of ground formations
and thelr characteristlcs -utilizes, most frequently, the differences

found in:

— the emitted (reflected) spectra of the objects,

-— the form and texture of the images of the objects,

— the time dependence of the indicated and other parameters.
Many repeated measurements (observations) are required, of

course, to establish this dependence.

Thus, the recognition methods of ground formation from space are

based on the determination of their spectral, geometric, and evolu-

tionary characteristics.

In all cases, the result of remote sensing must be tiled in with

cartographic and tempofal data. Numerous experiments and theoretical

analyses indicate that spectral characteristics of radiations from )
variocus natural objects differ from one another to a greater or
lesser degree. The term spectral characteristics implies the depend-

ence of: the brightness IOb (X) and reflectivity Pop (A) on frequency

of wavelength. The dependence of the effective temperaturé Teff on

the frequency 1is often used for emitted radiation, as well as other
relationships.

12
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Differences in spectral characteristics may be observed in
various regions of the electromagnetic spectrum available for use by
AES or other flying devices. Thus, the instrumentation for remote
gensing has to be designed based on the most significént differences

between natural features.

Figure 4 gives the dependence of Pob A on A in the visible and
E)

near infrared regions of the spectrum for five types of the Earth's
gsurface and for stfatified cloud layers. It 1s evident from the
figure that the nature of the spectral for all objects is very simi-
lar in the range from 0.5 to 0.65 microns. Between 0.6 and 0.9

microns, the nature of the spectra is dissimilar: Py1fralfa rises
Foo, 2ol
Lot | _
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: __{Fresh snou 0 (=30
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Figure U4
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sharply and peaks in the near infrared, p decreases uniformly,

water

p lnereases menotonically, while p has sharp, short

chernozen clouds
dips. If manh could see in the near infrared region, then grass would

not seem green, but would be redder than red.

1f the AES instrumentation could measure in detall, point by
point, the indicated spectra, then the identification of all objects
could be made from their differences.’ However, 1if the detector
measures Igp or Pghp, for example, conly 1in two narrow spectral bands,
then it apparently does make a difference just how these bands are
chosen. For example, a relatively reliable ildentification can be
made by comparing ratios for two bands of the spectra around 0.65
and 0.85 microns. The atmosphere has approximately the same effect,

and the spectra of the objects differ widely in these spectral bands.

These ratios aré indicated in the table.

Albedo ratio Vegetation Soll SNOW cover Clouds and water
surfaces
p0.85/90.65 4 - 15 1.2 - 3 0.75 - 1.0 - 0,9 - 1.0

Of course, the variety in the condition of similar types of sur-
faces deoes not excliude deviations from the indicated values. There-
fore, it becomes necessary to resort to measurements 1ln other por-
'tions of the spectrum as well. The problem consists in determining
the spectral characteristics of various natural formations under

various conditions.

The fecognition of objects by form, distribution, texture
- (sequencing or distribution of various elements), and other geometric
signs 1s one of the most familiar methods of discriminating photo-
graphic or video images. The identiflcation of cbjects according to
such geometric characteristics is well accepted in the visible range

of radiation.

14
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Naturally, the abovie mentioned system was not only adopted buby
also developed for the remote indication of natural features from
space. Images were cobtained in the invisible portion cof the electro-
magnetic gspectrum by means of special transformations of measurement
results. TFor example, 1lmages were obtained in the infrared and radio
bands that could be studied visually. Furthermore, man's reliance
on the visual extraction of information has léed to the fact that now,
in the first stage of development of the true bearing of a radio
station (IPR) from space, most of the information users want it in
image form. This fact alone should not be consldered as an indis-
putable argument in favor of images.- More appropriately, this indi-
" cabtes the weakness of quantitative methods in evaluating natureal
resources and their condition. In the final analysis, a qguantitative
evaluation of the characteristlcs of natural resources 1is needed.

The necessity of automatilic data processing also requires that this

data De presented in quantitative form.

Therefore, photographic, video, radio, and infrared representa-
tions must have metric qualities not only in the geometric (coordi-
nates %, y, 2), but also in the radiometric sense {(brightness,

reflectivity, etc.).

The possibllity of carry out from satellites repeated measure-
ments of the characteristics of natural resources at different times
(that is, determining their dependence on time t} allows one to trace
the evolution of an object or phenomenon. In addition, once this
dependence 1s established, fhe recognition of various objects can
bhe made. '

The time dependence may be established by:

— the changing conditions of observatlion (for example, chang-

ing position of the Sun);

~
I-_l
O

the

— the dally and yearly ftemperature changes, which are primarily -

brought about by the changing position of the object relative to
the Sun;

15



— the development of internal processes In the objects (the

growth of plants,

their diseases, flooding, etc.}, which are fre-

quently tied in with seasonal variations.

Figure 5 shows the seasonal
dependence of the integral re-
flectivity (in the visible re-
gion) of the surface of a lake.
During the summer months, p is
and does not change sig-

During the winter

small,
nificantly.
months, p undergoes appreciable
changes (approximately from 50

to 85%) due to snowfalls and

P %]

2o

. 6o
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20

I |
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Flgure 5

thaws. Figure 6 gives the di-
urnal variations of the effective
temperature of gravel, cement,
and water.
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A materiazl with large inertia 1s subjected to smaller variations
in temperature. Therefore, the nature of the change with time of
brightness, temperature, reflectivity can serve as a recognition

criterion for ground objects.

The reliability in the discrimination of natural formations and
in the determination of their characteristic Increases with the con-
current utilization of two or three of the above menticned criteria.]

Recognition Criteria According to Specfral

Characteristics

Let us examine the criteria for the discrimination of a few
natural formations A, B, C, ..., I, J ... according to their spectral
characteristics, and determine the amount of detall required for the
analysis of the spectra of thelr radlaticns. That is, let us deter-

mine the number of f{requency channels n required by the spectrometer.

Let us assume that the radiant flux has been measured and.-that

DI has been determined for each frequency channel, with a mean wave-

length AK. That 1s, the wvalues of Pp x> “are known for
2

Pr x> **° P1,x

each ground object.

Let us assume that a particular reglon of the earth can have
one of three types of surfaces: A — vepgetatlon, B — chernozem,
€ — sand. The problem consists 1in recognizing with a minimum n
any one of these surfaces. If we wish to make do with sz tonEﬂaﬁnéi“\

spectrometer (n = 2), then we should examine Figure 9.

Figure 7 gives the spectral charadteristics.of objects A, B,
and C (reproduced from Figure 4); Figure 8 répresenfg‘a two-dimen-
;ional space. Values of pI,l (for A = Al) and 1,2 (for A = k2)

are plotted along the coordinate axes for all three objects. On the

surface (pI,l; 01,2), three separate points A, B, and C can be seen,

corresponding to three ground objects. If the first freguency

17
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channel were to be chosen, for

example, with A = A}, (see Fig-

13
ure 73}, then of the three polnts
A, B, and C, points A and C
would almost coincide — that
is, 1t would be difficult to
discriminate between vegetation

and sand.

The positions of polnts A,
B, and C on the surface will
change for different measurements.

depending upon the instrumentation
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Figure 9

error Og . the variation in the properties of the same ground object

Gob’

and the changes in the conditions of observation (for example,

due to the fact that the change in the atmosphere was not taken into

Q .
account) O tm

Let us assume for simplicity, that the scatter in

the values of pI is the same for all channelsllk, and 1z bounded by

a circle of radius:

B
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The geometric summation of these errors l1s allowable, since 1n
the great majority of cases they are independent of each other.
Figure 9 represents the case for particular values of Al and A2 (this

figure is not_ consistent with Figure 8), for whiph the regions of

possible values for pA K and pB K cverlap. Therefore, the distinc-
2 2

tion between objects A and B becomes difficult in the shaded portion.

Measurements of pI may be made .in one additional channel (n = 3)

in order to make a reliable distinction between objects A and B. The
examined geometrical representatiocn becomes a three dimensional one,
as 1s shown in Figure 10. ‘

In this case, as a result ' Pka
of the large difference '
between pA,3 and pB’3,

the regions of uncer-—

tainty (scatter) bounded

by spheres of radius ©
"no longer overlap.
Therefore, all objects
A, B, and C can be dis-

tinguished. B S RIS o
Figure 10
if, in this latter
case, the obJects could not
have been distinguished, then it would have been necessary to intro¥
duce a fourth channel (n = 4), and to deal with a2 many-dimensional

space. In the general case of a many-dimensional space, with ocrtho-

gonal coordinates, the conditicn for the separation of any two ob-

jects I and J can be given by:

: G < —;EI_J - _;‘ \/%i fj}k“fsf

In the special, but most difficult case, When the recognition

of natural objects is made 1in spectral bands similar in form

19
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" {without marked differences), the condition can be written as:

|

If, in addition, the spectrometer has channels with mean wave-
lengths of A

6 < = \;‘}{' Ifr JQM

-

K? then the number of channels required for the recogni-

tion of objects will be given by the expression:

nz ( fj’rﬂ:(}vl )2

where IpI - pJ[ is- the absoclute value of the difference between the

reflectivity of the least dissimilar objects I and J.

The above menticned{considerations permit one to establish the

conditions for the selection of AK of the frequency channels, as well

azs their number for the spectrometer:

1. The mean values A\, must be within the transparent "windows"

- of the atmosphere, or in the regions where the atmospheric effects
are approximately the same.

/

2. AK should be chosen in the regiocns of greatest special

differences between natural formations. The best limiting case occ-

curs when the spectra do not overlap.

3. The number of required measuring channels n for the anaiysis
of overlapping spectra is determined, not by the number of natural
formations to be recognized, but by the degree of dissimlilarity under
the actual conditions of remote sensing. The improved accuracy. in

the measurement or calculation of Py (decrease in o) permits a de-

crease in the number of required frequency channels (bands) oflthe
instrumentation onboard the AES. A reduction of the total measure-=

ment error o by a factor of two will reduce n by a facter of fcur.
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Figure 11

Figure 12
In actual measurements, values of Prs plotted — for example,
on the surface (pI 15 Pr 2) — can be scattered over the’ entire area,
r 3

and need not be limited by the reglon with radius o.

In relating

these measurements to the shape of the objects A, B, C,...., I, J,...

the question 1s raised as to how the boundaries between the areas of

scatter should be seft.

There is also a guestion about results whilch

do not fall within these areas, since 1t is net clear to what object

these should then be attributed.

Let us assume again that in the region under study, three types

of natural formations may exist — A4, B, and C.

The results of

measurements are given 1in'a two-dimensional space (Figure 11).

The clustered points, apparently, correspond to objects A, B,

and C.

"x" belongs.

However, 1t is difficult to
We can take advantage
establishment of boundaries between

points and equal distances.

In Figure 12, the mean points,

EP1 o

Lp
I,1
and of points

no. of points no.

are

say to which object the point
of the simplest criteria for the

"objects" — the criteria of mean

defined by the coordinates

represented by small circles.

Straight lines are drawn between them, equidistant from each.pair of

"mean" points.

These lines define the boundaries between objects.

According to this criterion, the point "x" 1ls attributed to object C.

21
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Figure 13

The discrimination of objects according to the criterion of mean
polnts and equal distances 1s appropriate when, in the region of in-
terest, the set of all possible cobjects is known. If an object is
not taken into account in the classification, it will be classifiled
erronecusly as some other object. TFrequently, it -is more effective
to exclude doubtful measurements from conslderation, rather than in-
cluding them in some predetermined class. In this case, a different

set of criteria 1s necessary.

The examined solution to the problem of recoghition of natural /28
formations (classes) is a probabilistic one by nature. The identifi- |
cation of objects from the results of measurements is made with a
greater or lesser degree of confidence. Therefore, it beddﬁeé““w
natural to explolf statistical models in the identification of meas-
urements according to classes of objects. Experience confirms that
statistical stability 1s one of the most dependable characteristics
of many natural processes and phenomena. All this provides a very
good argument in favor of statistical methods in the identification

of natural formations and the determination of their characteristies.
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An example of the representation of the results of spectral

measurements having a Gausslan distribution of P is given in Figure

13. The reqguired confidence level of recognition depends on speci-

fic problems.

Remote Sensing of Subsurface BResources

Sometimes surface characteristics reflect the properties of the
interior. Thﬁs relationship was long utilized in the exploratlon for
mineral resources, underground water regervoirs, natural gas, etc.
Neverthelegs, among the IPR problems, many require for their solu-

tion a "look" into deep water or underlying rocks.

Along with the study of the surface vegetation or snow cover,
it frequentliy becomes important to determine the properties of the

underiying ground surface (soils) covered by vegetation or snow.

The depth of penetration of the electromagnetic wave in a semi-
conducting medium is determined by the losses, which depend on the

frequency of oscillation w = 2nf, and on the complex dielectric

constant: _
A ;
& = & “Jw P
where g — the permittivity of the medium;
g — the electric conductivity in mhos;
€y — the absolute dielectric constant in a vacuum,
cg A 8.9 + 1071° F/m.

If it is assumed that the depth of penetration ZO is the dis-

tance over which the wave 1s attenuated by a factor of e, then,

L

where ¢ — velcoecity of 1light.
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The magnitude Z, may be conveniently used to compare the absorb-

0
ing properties of the medium in the infrared and radio wavelengths.
Figure 14 shows the dependence of ZD on the molsture of sand and clay
for * = 3 em and A = 1 m.

| ~ M@iéron)
) -] : = " ": v:~; T ““i““ GV e e - e
10 20 \moisture . wt m’ 0% 10" 10° 10"t \0 10 to L ob
| (%) e e
Figure 14 Figure 15
The magnitude of Z, changes between 2 - 30 meters. In order /31

to evaluate the penetration of electromagnetic oscillaticns into a
transparent medium (sea, lake, and river water), Figure 15 gives the
experimentally. determined dependence of the coefficient of attenua-
tion T of sea water on frequency (Wavelength). The "window" in the
blue=-green portlon of the visible spectrum can be clearly seen. |

T gradually decreases in the radio range with increasing A. However,
the freguency range below 15 - 30 MHz cannct be used for remote

sensing from AES due to the ionospheric barrier.
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Space Instrumentation

The parameters of AES motion, operational characteriétics of all
systems, the distribution of remote sensors, methods of time and
spatial correlation of the results of interdependent measurements
made from the sateliite, and the sampling of data are determlined by
a compromise between user requirements and the technical capabllities

of the data collecting systems.

From the economic point of view, the satellite system of the
IPR must be designed with a minimum number of space instruments neces-
sary for the solution of the investigated probiem. In addition, the
criteria in the selectlon of type, number, and orbit parameters of
the AES can be: '

1. The perlod of wvariaticn of the investigated processes, or
the time constraints of the delivery of informatlion to the users
(operational, noh-operational, and emergency data).

2. The territorial distribution (regional, global, latitudinal).

3. The desired conditions of observation (by day, by night,
“or at speclfied angles to the Sun).

4., The constraints on the collecticn and telemetry of data
(number and location of ground stations, duration of radio contacts
with the satellite).

5. The reguired compcsition and accuracy of the measurements.

Table 2 gives examples of the classificatlion of problems accord-

ing to the delivery rate of information to the users, and according

to territorial distribution.
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TABLE

rerritorial

Information continental

delivery rate

Emergency — requires continuous Discovery of storms, tsunaml,
cbservations and immediate intrusions from outer space
delivery of information at the (meteors, comets, etc.)
time of discovery of the
phenomena

Operational — perilodic observa~ | Investigation of atmospheric and
tionsg and delivery of informa- oceanic characteristics as a
tion (anywhere from several meteorological service function
times a day to several times for the fishing industry,
a year, seasonally) ~ navligation; condition of ice-

hergs, and currents

Non-operational — periodic obser-| Mapping of the Earth, fthe study
'Vatidps with a frequency of of its geoid, variations in
-once every 0.5 to 5 years with the magnetic and gravitation
permissible delays in delivery fields; climatological changes;
of information continental drift '

_ _Speaking of the observations themselves and of the delivery
rates of'informat%gﬂ, we must keep in mind that natural phenomena
themselves may be aperiodic. It is reascnable to assume that pro-
cesses on Earth broﬁgh‘about by the diurnal rotation of the Earth
and the yearly cycle of the Earth's rotation about the Sun are

periocdic.

Other phenomena (from the standpoint of remote sensing by
satellites) will be considered periodic, that is, irregular, sudden
phenomena, as well as very slow processes. 1t is understood that
this is a tenfative classification. Natural phenomena will be found

that border on the perodic.
Three practical conclusions can be reached from the above

classification. In the first place, photographle methods of remote

sensing, associated with the necesslty of returning photographic
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National, large Local Special "points"

geograprhic regions
Discovery of abrupt . Discovery of forest Observation of
changes in the atmos- fires and floods known volecanos
phere and water and dangerocus
basins faults

Control of zir and water | Control of air and water |[Observation of

pollution; state of quality; conditidn of potentially
agricultural economy, agricultural economy and, dangerous
land, forests, pas- forest rescurces; ecclo- glaciers
tures, parasite infes- gy, condition of snow,

taticns, diseases ice covers, transpoertatn.

Geological problems, growth of cities, soil erosion,Cbservation of

changes in the costline, geodesy and cartography "} the evolution
of unusual
natural phe-
nomena

materials to Earth (either by means of film capsules, return of the
AES to Earth, or by the return of the crew) are useful, in general,
for the solution of non-operaticnal problems and the study of some
long-term periocdic operational processesgs. In the second place,
problems of moét branches of science are of an operational nature,
and reguilre for their solution methods which make possible the trans-
missgion of data collected on the AES back to Earth. ®inally, the
irregular nature. of "émergency" phenomena and the ?ossibility of
thelr occurrence over any ffégibn~ of the Earth require uninterrupfed
and often global contact. In this case, the AES must carry out ser-
vice (patrolling) functions, while the design of remote sensing

instrumentation should follow the principle of "detected—transmitted".

Figure 16 shows the projection of the orblts of the AES and the
Earth on a surface perpendicular to the plane of the orbit. The
angle f 1s the angular inclination of the orbit; H is the height
of the AES above the surface.
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Pigure 16

The direction of the Sun |, mgﬂ J;ﬁbfbiﬂ
. R i —*:?'4_5—-- — B

is also given at six month in- 7 A ™ o~ S~ We)jOrb It
: . } 1 wWeOrb it
’ b -

tervals. Figure 17 shows a

larger-scale representation of

twe strips on the Earth's sur-
face sequentially scanned by
detectors on the AES along

the line of flight. L is the
widtn of the swath, defined

by thelyigw\angle (field of

Figure 17

view) of the sensor, while 1
is the linear resolution defined by the angular resoluticn of the

sensor. LO is the distance between projections of successive orbits

Sf the AES. It can be easily calculated from:

L. = v - T cos B

0 equ ' orbit lat,
where Vequ — linear velocity of.a point on the Earth's equator;
Torbit — period of reotation of the satellite;
B, — latitude.

At the eguator (B = 0), and with T = 1.5 hours,

iat orbit

L, %/ 2500 km.

These filgures iilustrate the effects of the orbit parameters

on the results and conditicns of measurements:

2&
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l. The inclination of the orbit determines the limlting lati-
tude of view of the Earth, and the illumination of observed reglons
during the course cof the year. Figure‘lB shows lines of esgqual selar
angle (from 20 to 80 degrees) at dif- ]
ferent times of the year at wvarious .
inclinations of the AES orbit, that is, Ll e (Angle
for different attainable latitudes of ! A NN
the Earth. It can be seen, for eiample,

that at a latitude of 50°, even in

it

summer, 1t 1s not possible to carry H
out remote sensing at solar angles of
greater than 60 degrees.’ Figure 18

2. The shape of the orbit (eccentricity) affects the constancy
of the scale of the surveys, the area and duration of the simul-
taneous visibility of different regions of the Earth. At -apogee,
the scale is minimized, while the area and. duration of wvisibility
is maximized.

3. The period of rotation (T ) determines the distance be-

crbit

tween @djbining stripvs of view LO and, 1n part, the period of full

coverage of the Earth.

T for a clrcular orbit depends on the height of the orbit.

orbit

For H = 200 - 1000 km, T = 85 - 100 minutes, thereafter increas-.

orbit

ing more noticéably. A geostationary orbit (T = 24 hoﬁﬁs) is

orbit
obtalned for H 2~ 36,000 km.

4. With increasing height of the AES orbit, for given dbtector
parameters, the swath width L increases with a proportionaﬁe deteri-
oration in the linear‘resolution 1. At the same time, the duration
of visibility by ground stations increases, as well as the lifetime
of the satellite. '
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Thus, for a given !, the period of complete coverage of the
Earth's surface (in the case of circumpolar orbits) is determined by
the orbital parameters of the AES. Filgure 19 gives the dependence
of the period of complete coverage for H = 550 km, fer the so-called

solar-synchronous orbit.

1t is apparent that even for wide swaths (L = 500 - 1000 km),
the entire Earth's surface can be covered only in 4 - 7 days. Since
the ratio of L/? for a given type of detector is a constant quantity,
it is not possible to carry out a quick coverage of the Earth with -

high resolution.

Figure 20 illustrates the time dependence for complete coverage
of the earth by means of a vidicon camera with a 5 cm-édréén’for
various resolution requirements L. When %2 = 1000 m, a global coverage
may be made in less than'24 hours, while at a resolution of 10 m,
more than 3 months will be required.

Results of observations of natural formations from reflected
solar radiations, as we have established earlier, depend signifi-
cantly on the Solar position. Therefore, it is exceedingly tempting,
especially in the experimental stage of the investigatlon of the
Earth's natural rescurces, to create conditions such that the same.
ground objects can be observed (measured, imaged) repeatedly at one

o
o

and the same local time of day, that 1s, decrease the uncertainty /

|

of observations due to different positions of the Sun.
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It appears to be possible to select the AES orpkit which meets
this requirement. In the first place, the AES must complete an
integral number of rotations during a 24-hour period in order to -
be iccated precisely over the same region of the Earth every day.
That 1s, it is necessary that

_ 24 hours
orbit N '

T
where N 1s én integral number; for i
circular orbits at a height of 150 - :
1000 km, N =-16, 1%, 14, 13. These
orbits are called periodic. 1In the

second place, the plane of the AES f
\
orblt must be located at a constant:

angle to the Sun-Earth during the
translation of the Earth around the

Sun (see PFigure 21, angle Corb)' Figure 21

This must be attained by the inclina-

tion of the AES orbit by an angleqé,which is greater than 90 degrees.
Furthermore, the plane of the AES orbit will precess to the east.

If the precessional wvelccity is on the order of one degree/day, it
will compensate for the translation of the Earth around the Sun,.
which occurs at the rate of 360° per year. An orbit of this type

is called a 3un-synchronous orbit (SS0O or helioccentric). In practice,
the velocity of rotation ¢f the Earth around the Sun 1s not constant;
the AES orbit undergoes perturbations ag well. Therefore, it becomes
necessary to correct the orbit of the séﬁéllite from time to time

in order to retain a strict SS0.

Timely discoveries of emergencies are possible 1in nature only
under continuous observation of the Earth from space. 1t is apparent
that one AES is insufficient for continuous coverage on a global
scale. The lower the orbit of the satellite, the smaller the area
observed by satellite instrumentation. For example, approximately
30 satellites appropriately distributed in periodic orbits, with
H = 800 km, will be required for uninterrupted coverage of the entire

surface of the Earth.
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The geosynchronous (stationary) orbits, whose plane corresponds /39

with the equatcrial plane, are of speclal interest. Torbit = 24

hours, H = 35,860 km. Such an AES "sees" the Earth at an angle of
17.3°, and is aimost stationary with respect to the Earth's surface.
This assures the reception of data con Earth by a station with an
antenna in a fixed directicn. Instrumentatlion on a geosynchronous
satellite can cover slightly less than half the Earth's surface.

The equatorial diameter of the maximum spot is approximately 18,000
km, while its latitudinal coverage is fo within + 81°. The problem
with AES geosynchronous satellites is due primarily to the difficulty
in getting good resolution ¢ from such high-éltitudes. In additicn,
pericdic correcticns in the orbits are needed to keep the satellltes
in these orbits.

Only 2% of the hemisphere, in the polar regions, will not be
visible from a gecsynchronous eguatorial orbit. Three stationary
AES, displacéd every 120° along the orbit, would not only assure a)
constanﬁ global coverage-éf the Earth, but would alsc bring about

the exchange of information between almost any poilnts on Eaﬁth{

Thus, AES in polar orbits (including the S30), in statlonary
orbits, and 1n low orbits (150 - 300 km) at various angular incliﬁa—
tions (for example, to obtain the maximum resolution in certain areas
of the Earth) may be used in the investigation of natural resources.

Methods for Remote Sensing of Ground 7 a"”'\

Formations

Remote sensing (telereceptioh)of natural rescurces 1s carried 159
out by detectors sensitive: to the reflected or emitted electromag-
netlc waves from Earth;nto tﬁe variations in the magnetic and gravi-
tational flelds; -and sometimes to the various types of particles,

as well.

Taking the fact into account that the great majority of methods

employed. are based on the detection of electromagnetic radiation,
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the following classification may be proposed. This classification
is not based on spectral bands, as is sometimes done, but indicates,
rather, the principle of operation or the operational result of the
instrument. '

The fundamental methods, using sensing or measuring elements,

are tentatively divided into four groups:

— recorders of images,
— detectors of natural radiations,
. — active methods,

— deftectors of peneﬁrating radiations and fields.

Figure 22 represents the principal elements of remote sensing
instrumentaticon. In some instruments, a number of the listed ele-
ments may be missing, with the exception of the collector of radia-
tion and the sensitive elemehts. Let us now consider the ¢lassifi-
cation} the general characteristics, and specifilcs of various types

of remote sensing instrumentation.

Imagers constitute the most complex type of Instrument. This
category includes photccameras, including multiband; television and
other devices with electric and maghetic electron beam scanning of
a radlation sensitive target (screen). The screen may be, in prac-
tice, with low persistence as in television screens, or 1t may have a
memory capability, as for example, in a vidicon; electromechanical _ﬂg

scanning devices, which successively concentrate radiations from

varilous regions of the surface on one or more sensitive elements.

At best, photographic cameras record images directly on film
in the wavelength range from 0.3 to 1.1 microns. Other instruments
produce video signals. As a result, special devices — for example,
electron—-coptical converters — are required in order to produce
images. On the other hand, the video signal may be. transmitted by
radio from the satellite or, if necessary, recorded for any length

of time on magnetic tape or by some other memory device., Vidicons
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Figure 22

and scanning devices wlth photosensitive elements (photodiode, bolo-
meters, etc.) can detect visible and infrared (up to 15 microns)

radlation. Flnaily, UHF scanning radiometer makes possible radio-
thermal I1maging.

Instruments of the first two types belong to the passive cate-
gory. They react to the natural electromagnetic radiation, usuallly
to the intensity (level). Active devices contain, in their design,

an artificial source of radilation whose parameters may not only be
known, but also controlled.
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The following belong to the active category:
— radar-altimeter-profilemeter;

— radar-imager (for example, of the pancoramic or side-looking

types);
— laser altimeter-prefilemeter;

— phase and Doppler shift detectors, and detectors of the
polarized reflected  signal;

— combination of radar and radiometric devices.

In contrast with the passive methods, the instrumentation in
this group 1s not limited in its operation, as a rule, by time of day
(solar) or by the weather. The added knowledge of the parameters of
the incident réﬁﬂation 1s compensated by an lncrease in the number
of measurable parameters of the return signal (phase, polarizaticn,
frequency shift, shape, direction of propagation, and, of course,

the intensity).

As dilscussed earlier, detectors operating in the radio range and

blue-igreen visible range may be used as detectors of the penetrating

(through the surface) signal.

Much is expected from magnetometers, gravitometers, and active
methods in the radio range in the study of subsurface ores. Thé
potential of these methods, operating from AES orbits, has not been
fully realized, 1in comparison with the other groups. The investiga-
tion of the natural radioactivity of formations 1is in very much the

same stage of development.

The abovgﬁﬁﬁzigﬁéafcategories of methods of remote sensing pro-
vide information regarding parameters of radiation or fields. By
themselves, these are insufficlent. Therefore, service functions

form an inherent part of the means of detection. These)are requlred
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to provide spatial and time correlation for all. measurements and
surveys, calibration conditiens for all satellite instrumentation
and preliminary data reduction, control over the operation of the

instrumentation, etec.
These Include:

— position indicators (horizontal, vertical, etec.),
— star and topographic photographic cameras,

— time-programmed devices,

— sources of control signals, etc.

Let us examine in greater detall the more informative methods

of remote sensing.

The wealth of long-~term experience obtained from the study of
ground objects from the results of aerial photosurveys .naturally led
to the immediate application of photographic cameras iﬁ recoverable
devices from space.

One of the possible functional schematics for photographic
cameras for IPR use is given 1in Figure 23, which shows a five band
Instrument. The objective lenses collect the radiation. Each of
these contains a filter, characterized by a mean transmission wawév

length coinciding with the maximum sensitivity of the film,.

The optical axes of all the objectives are strictly parallel,
and are "directed" at one and the same region of the Earth. The
shutter control 1s exercised simultaneously by the synchronizer,
which alsc provides for the advancement of the film. Markers or
time marks, produced by transforming the electrical signal into a
light signal, are recorded on the edge of the film. Calibration by
means of a light source of known intensity (light diodes, lamps,

Sun), 1s provided in the best cameras. The geometric calibration is -
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achieved by plotting on a transparent window (for example, cross
hairs), divisions with rigidly specified dimensions (to + 0.005 mm).
The fixed location of the film in the focal plane for the entire

frame is provided by means of special vacuum or mechanlcal retainers.

The view angle of the photographic camera LIRS is determined by

the focal distance £ and the format of the frame B. The short focal

length objective (f 2 25 mm), as well as the long focal length, tele-

scoplc, objective (f % 1000 mm), with film size B = 35 - 300 mm, may
be used, depending upon the purpose. Wide angle lenses of the type

"Hasaelbad", for example, have B = 70 mm, £ = 80 mm, Cop = 2 arctg;

B/2f = 50°.

Wide angle lenses have Aop = 90 - 120%. The angular resclution

capablility for a given B/f changes considerably, depending upon the
properties of the film. In the visible range (0.4 - 0.7 microns)
films have a resolutlon capability of b = 100 - 1000 1”7553 color

film and infrared fllm, in this respect, are significantly inferior:

b=25—2501/rm
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Attempts to use high resolution film may be fruitless if low
resolution objective is used. The brightness and contrast of photo-
graphed objects 1s of primary impoftance in the selection of film.
It would seem that the secondary parameters of the film, such as the
thickness of base which limits the film reserve in the camera .would
also be of importance. The temperature stability of the sensitivity
of the emulsion layer may require cryostats or thermostats, ete.

For the abov%ﬁéﬁﬁibneacamera with a film b = 100 lp/mm, the

angular resolution 1s equal to:

%b 50

- B*b T 70-100

2
|

= 3 O'jt .

This means that at an altitude of Il = 500 km,

L = 40 km, 7 % 70 km.

In addition, the exposure time must not exceed:

7

T <

< &~ 0,01 sec.
- TIVaES '

v,

The sensitivity and dynamlc range of the photographic camera
are the most difficultly stabllized parameters, These depend on the
properties of the film and on the characteristics of the objJectilve

and filters. They have a strong frequency dependence.

To facilitate the photometric iInterpretation of photographs, a
sensitometric scale is "included" in each frame which allows direct
comparison to determine the flux of radiation incident on each region
of the film. The linear region of dependence of the film density
(gray scale) on the intensity (or .radiation flux) is approximately
25 - 40

Order of magnitude of film sensitivity is approximately 10_6

W/cm2 - micron. The spectral resolution of multiband cameras, deter-

mined by fllters, is approximately 0.05 microns.
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L. _Television

The very first meteorological satellites were equipped wlth TV
cameras, which imaged clouds and major features on the Earth's sur-
face. Due to the fact that the result of TV observations is 1n the
form of an electrical signhal, i1t can be transmitted by radio to

ground stations either immediately or subsequént to recording.

Additional requirements were imposed on TV and photographic
cameras for the study of resources. These included requirements on
the metric properties (geometric and photometric), on the spectral

resolution, and on the motion parameters of the AES.

The objective, Jjust as in the photographic camera, is the col-~
lector of radiation incident from the Earth. The objective concen~
trates the radiation on the light sensitive target of the super-
orthlcon or vidicon. An electron beam is scanned across the pick-up'
tube by means of deflecting systems. The current in the outer col-
leetor ring varies with the changing illumination of various elements

of the target. On loading the tube, the voltage output is in the

form of a video signal, and is generated when the tube is i1lluminated.

The amplitude is dependent on the illumination, and its duration and

shape — on the method and speed of scanning by the electron beam.

The vidicon tube is a storing and integrating device. It can

be sensitive to longer wavelengths of radiation up to 10 - 15 microns.

The spectral sensitivity of the orthicon, on the other hand, is
limited to
A = 0.8 - 1.1 microns,

due to the nature of the photoemitting process.

Figuré 24 gives a functional schematic of a TV system designed
to take advantage of the good features of both the vidicon and the
orthicon. This design utllizes a photoconductive target and an
electron multiplier of the return (reflected) beam.
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The view angle o of the TV is determined, as 1in the photo- /50

ob
graphic cameras, by the ratio of B/f, where B is the dimension of

the light sensitlve area of the screen; usually, B = 20 - 50 mm for
vidicons. The resolution, in contrast with the photographic cameras,
does not only depend on the llght sensitlvity of the material .and
objective, but also on the construction of the electron tube (in
particular, on the size of %he beam cross section), on the parameters

of the video amplifier, and of other components.

Since the Information ﬁelivered by a TV system iz extracted
from the parameters of the video signal, then the resolving capabllity
must be also determined by the parameters of this signal. In modern
TV systems, the resclution (neglecting limitations of the video

amplifier) is:
b = 20 - 200 cycles cof the video signal/mm of screen.
Thi¥ implies: that the angular resolutibf of the) TV system is:
OLob ‘ ;
1,000 - 10,0060

qQ =
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The sensitivity of the TV systems is relatively high, and is

approximately 10_7 W/cm2 for a supercrthicon in the middle portion

of the visible spectrum, with b & 100. This corresponds to an illu-
mination of 0.2 f-0.5 lux incldent on the photocathode. The appli-
cation of the so-called electron-optical converters raises the sensi-
tivity by several orders of magnitude.

The persistence 1 of TV systems may be limited by a number of
factors. If 1t is the exposure time, then in order to increase the.
sensitivity of the vidicon, it 1s desirable to increase 1t; however,

1t must remain less than:

The next frame can be exposed (with a 10% overlap)} after a time:

e L _ %ob - H
1.1 VAES 1.1 VRS
During the interval between two exposures (T - t), the video /51

I

signal may be formed relatively slowly by high density electron beam /.
scanning of the target. The target of the vidicon retains the charge

during several tens of seconds. Assuming a'squaré target, with side

B, then the beam must cover:

Y

(B - b)2 elements,

in a time (T - 1 -~ T }, where Tre ls the time of return beamn.

ret t

For example, if B - b = 2500; Oy = 0.5 rad; H =-500 km; Tret = 0.15

T, then the scanning speed must be equal to:

2
. EB _b% N o250 - 1073 elements/sec.
.- T ret |

‘This corresponds to a spectral bandwidth of the video signai: .

of = 125 MHz.
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For a superorthicon camera (without memory), the persistehce is
determined by the maximum attalnable scanning speed of the frame.
Thus, during a continuous transmission of all the image elements,
the spectral bandwidth should be?

af =8 pgpy

Present day radio links between AES-FEarth do not have such band-
widths available. Modern magnetic recorders are capable of recording
signals with a bandwidth not wider than 10 to 20 Mdz. TFor these
reasons, it is not feasible to undertake real time transmission, but
instead use single frame television, transmitting 5 to 10 frames

per second.

™~
%]

The light sensitive screen must have a certain amount of per-
sistence; for example, the addition of phosphor makes it posslble
to achieveia persistence of more than 0.5 seconds in duration. In
this case, the scanning speed may be reduced by a factor of a hundred,
and the bandwidth of the video sighal will become correspondiﬁgly |
narrower (0.5 to 3 MHz).!

~

Photographlc and video cameras record simultaneously all ele-

53

ments of the surface region that "fits" into a frame of size (B x B).
The electron beam scans sequentially each sensitive element of the

target forming a video signal.

Scanning devices (as opposed to framing ones) contain.one or
more sensitive elements (détectors). Therefore, to obtain an image
of the region of interest, 1t 1s necessary to direct sequentially
the radiation from each element of This region towards the detector.
Thié operation is performed by a scanning radiation detector. Fig-
ure 25 gives the schematic diagram of a scannlng optical radiometer.
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Radiation ffom}the surface element is incildent on an cseclllat-

ing mirrocr,
which focuses 1t on the detector.

tor are stationary.

reflected from it, and directed toward an optical system
The optical system and the detec-~
Therefore,'according to the laws of geometric

optics (equality between the angles of incidence and reflectilon),-

the scanning mirror will direct towards the detector .radlation from

various elements of the surface.

The instrumentation is placed in

the AES so as to perform the scan perpendicular to the line. of flight.

In the radio range, the scanning radiometer includes eilther a
mechanically rotating antenna (reflector or transmitter), or.an

electronically controlled antenna.

amplifude relationshlps of the various antenna elements,

the so-called antenna array.

In the latter case, the direction
(maximum of the radiation pattern) is determined by the phase and

forming

Airborne optical scannlng radiometers in some systems sometimes

include both measuring and recording devices, s8¢ that the image of

the surface 1s recorded immedliately on film.
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An example of such a comblned device 1is given in Figure 26. /54

1

This device was ugsed by American 1nvestigators to obtaln images in

the 1nfrared range, where photographic cameras cannct be used. Here,
the scanning mirror of the radiometer, which is in effect an inclined
end-plane of a rotating cylinder, is located on the same.axlis as the
mirror of the electron-optical recorder. As a result, scanning syn-
chronizer devices are unnecessary. The detector is cooled to in-
crease the sensitivity in the near infrared. The signal from the
detector is amplified and modulates the intensity of the light source.
The modulated light beam is refleéﬁed from the scanning mirrcr of

the recorder, and 1s dlrected to a fllm by means of a rotating ob-
Jective. The film 1is advanced at a rate proportional to the flight

L veloclty of the alrplane. Thus, this device performs measurements

in the infrared region, converts them to the visible range, and

delivers the results 1in photographic form.

The scanning of surfaces and the generation of the signal are

performed sequentlally element by element. Therefore, in contrast
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with various single frame TV devices, it is not possible to increase
the signal generation time in compariscn with the time of the radia-
tion flux measurement. The diagrams give only single channel devices,
In order to obtailn multiSpectrél images, the scanning device should
contain N channels. Since the most cumbersome and complicated part
of the device is the optilcal-mechanical system, containing the
scanning mirror, objective, and reflector, there is a tendency in

the design of a multiband scanning radiometer to include a common
optical-mechanical system for all bands. Furthermore,‘the separation
of the total flux into N channels requires the use of beam splitting
devices and (or) filters.

A beam splitting device produces a spatilal separation of the /56

—

total flux into beams of radiation with mean wavelengths Ay, A,,

An’ and directs each beam towards it own detector.

The angular resolution of the scanning radiometer, as.is the .
case 1n other types of remote sensing devices, is determined by the
ratic A/L (where D is the diameter of the entry pupil or aperture),‘
and by the degreg of the focusing of the incident radiation. The
radiation detector, corresponding actually to one of the elements of
the target of the TV pickup tube or to the sensitive layer of the
fiim, does not in practice affect «. '

" Optical radiometers with D = 10 - 20 cm have a ~ 0.1 to O.2ﬁm\

?adigné]? or 0.4 - 1.|~ In the infrared region (10 - 15 microns),
o is worse by a factor of 5 - 10.

If the view angle 1n photographic and TV cameras o depends

ob
on the size of the {ilm or target, then, in this case, the detector
is almost a point (the area is fractions of a square millimeter),

and the value of a,, 1s determined by the effective scanningﬂéégié.i

In turn, the scanning ahgle is limited by the permissible geometric
distortion and by the construction of the detector and scanning-

element uob 5 - 10° for the more sensitive 1nstruments, and|’

LOgh '— 15 - 60° for survey type instruments. \
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Semiconducting photodiodeé and photoelectron multipliers are
most commonly used as radiation detectors 1n scanning radiometers.

Their sensitivity is determined primarily by noise.

The scanning time constant of the radiometer 1s determined by
the time constant of the detector itself and by the integration time

(transparent strip of the instrument). It must not exceed (Z/VAEé
a/aob), i.e., the value of T of the scanning radiometer must be

aob/a times smaller than that of the framing devices.

To decrease the scanning frequency and to increase the permis-
sible value of T, one can resort to the use of several detectors
for each spectral band. The detectors are placed in a line parallel
to the direction of flight. As a result, the scanning nmirror simul-
taneously directs radiation to the detectors from different elements
of the surface, located along the line of flight. In this manner,
multilinear scanning may be carried out 1n practicbw At the same.
time, the scanning frequency may be decreased by a-factor equal to
the number of detectors in each band; Naturally, this 1s accomplished
not only at the expense of increasing the number of detectors, but

also by increasing the complexity of all succeeding cascades.

The main advantage of the scanning radiometers over the video
and pheotographic cameras is the wide specfral response ¢f the fbrmer.
The video signal corresponding to the image of the scanned surface
can be obtalned practically over the entire useful range of the
electromagnetic spectrum. In the optical range, this is limlted

to 0.3 - 15 micrcons.

The spectral resolution 1is determined by the filters, and may
be equal to 0.05 - 5 microns. In the infrared region, 1t is impera-
tive to choose fthe corresponding detector, as wWell as the collecting
optics, to be transparent to the infrared wavelengths. Common glass
is not transparent to A greater than 2.5 microns. Sapphlre is trans-
parent in the region from 0.3 - 5.5 micréns, silicon — in the re-

gion from 1 - 15 microns, cadmium-telluriumfiﬂ"ff¢m 0.8 - 30 microns.
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IV. _Active radio methods

The intensity of the solar radiation 1n the radio range is
negligible in comparison with the intensity 1n the optical range.
As a result, if the Earth's dlurnal radio emissions differ from those
emitted at night, 1t is only because of the difference in thermal

heating.

The intensity of radic emissions from Earth formations is only

from 10”12 to 10—lli

vity threshold of radlometers, since it is possible to use, in the

w/cmz. However,; this is not below the sensiti-

radio frequency range, relatively low noise preamplifiers (parametric,
traveling wave tubes, transistorized). Due to the small D/A ratio,
passive radiometers in the radioc range have low resolution capa-

bilities.

It -1s important to note that, although the range of useful fre-
quencies (wavelengths) in the optical range is approximately 10,000
times larger than in the radio region, the freguency span turns out

to be greater by hundreds in the radio range:

( Amay )LL_ai]} - 2/000 /

7@;@;\)@”- ' (.-l_m;m radiof

This implies that in the radio range one may look for spectral
characteristics of Earth formations 1n a significantly larger fre-
gquency range. In addition, in the radio range, it -is possible to
measure the roughness of the surface and the dilelectric properties
of ground formation.

, p

The possibllity of generating fadié'WaVQS‘with”spéétféa inten-
sities not less than those produced by the Sun, 'and with well-known
and controlled parameters (frequency, polarization, duraticn, in-
tensity, directionality), places active devieces in a class by them-

seilves. Thelr primary advantages are the following:

b7
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' —— Independence from weather conditicns and time of day;

— the possibility of cobtaining images and maps of distribu-
tions of physical parameters of the surface and subsurface ground

formaticns;
— full or partial independence of the scale from altitude;

— the possibility of obtaining contrast images of optlically

low contrast objects;

. — %he possibility of obtaining significantly improved resolu-

tion over that given by UHF radiometers.

Let us conslder the schematic dlagram of an activé image re-
corder, bullt according to the principles of a side looking radar.
Figure 27 shows a system with an antenna, with dimensions b > a.
This means that the view angle along the line of flight (angle g) is

less than %oy * Furthermore, the antenna is directed sideways from

the line of flight. In order ﬁo cbtain a radic image, .one nmust be
able to distinguish the return from various elements of the strip L.
In the figure, these elements are arbitrarily dividéd into bands

of width Z.

The transmitter emits a series of sighals with duration Tsig,
repetition rate Trep‘ . The return, féflected from element 1, will

have a delay of’:

The returns from elements 2, 3, etc., will have delays

s+ and so on. Finally,

i TR 0%
L=

IaTy >a%, Ty >aT
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Thus, the system performs an element by element coverage of the
area under study on the Earth's surface by selectively chooging an
appropriate return signal. There 18 no selection possible along
the direction of flight. The dimension of the element is determined

by the angle B and distance R.

In order to keep trackl of the intervals AT, and to make possible

the reception of very weak returns, the system includes a synchronizer
which connects the receiver to the antenna during the intervals be-
tween probing pulses of the transmitter. The synchronizer also

generates synchrenizing pulses for the formation of the composite /61
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7 vidggigignal, so that during recording,the beginning of each cycle
can be determined. The 1limiting resolution ¢ is determined by the

ability to differentilate between ATn and ATn_l, that 1is, the duration

of the pulse which 1s approximately equal to:

f = cTiny

A significant 1ncrease in the size of the antenna even in one
direction (size "b'") also presents a problem. The shape of the ele-
ment of resoluticn on the surface for a side looking radar is a strip
(1 X“ZX) extended along the line of f}ight, so that I >> I.

The principle of the synthetié aperture of the antenna may be
used to improve the resolution of ZX without increasing the physical

dimensicons of the antenna.

According to antenna theory, it is well knowh that the directi-
vity of a multi-element antenna array narrows with the increasing
number of antenna elements. This effect is achieved only provided
that the signals received by the antenna elements will be added
coherently. In other‘words, the path length (as well as time delay)
between the irradiated object on the surface and the summing network
must be the same for all antennas. Conseguently, the difference in
path length from a point on the surface to the antenna must be com-
pensated, for example, by the difference in cable length (wave guides)

from the antenna to the integrator (Figure 28).° w

Let us assume now that there is only one antenna with dimension
D which moves along together with the AES or airplane, as shown in
Figure 29, taking up positions 1, 2, 3, 4, 5, etc. Then, in order to
add the signals coherently, it is necessafy to recall the phases of
the slgnals received at different positions of the antenna and., sub-
sequently, after & flight path of.n * D meters to carry out the summa- iQ#

tion. A similar process has to be followed for all points located at

intervals equal to the desired resolution Zx'
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The practical ;
realization of a radar :
with a synthetic aper-
ture requires memory
devices, phase (co-
herent) processing of
the signals, and time
stability of the sys-

tem parameters.

Figure 29

The dquadratic
dependence of the In-
tensity of the return cn D makes it undesirable to decrease the dia-

meter of the antenna, even in radars with synthetic apertures.

The combinatlon of a side looking radar and a synthetic aperture
will make 1t possible to obtaln radioc images with good resolution.

Furthermore,

. 0%y o
Ea =5y La®d,
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that is, resolution does not depend on the altitude, but 1s deter-
mined by the parameters of the system itself. The processing of
the signals to obtaln small values of ZX with real values of D may

be carried out by other methods. In these methods, one of the coor-
dinates of the surface element and 1n the side looking radar,as well
is determined by the delay AT, while the other coordinate is given
by the Doppler fregquency shift AFDVE
To achleve thié, the radar beam_._._ _ g
is directed not"only to.the slde,
but alsc to the front (or to the | o |
back) with respect to the vertical. //

’(.

{fines of |
requal AF
of the beam with the surface. oL

figure 30 gives the intersection

Lines of equal AT aﬁd equal AFD

are drawn on the cross section.

Thus, in this casey each

element of the irradiated sur-'

face is assigned coordilnates
(AT,‘AFD), rather than coordi-

nates (x, y). ' Figure 30

Collection and Transmission of Data

The overwhelming amount of information ' obtained by remote sens- /65
ing instrumentation is transmitted from thelAES to the recelving
ground stations by radio. Furthermore, the locations of the receiv-
ing stations may not coincide with the regions and services for which
the received information 1s destined. Therefore, the necessary data
processing consistent with the needs of the branch or service may
be best carried out directly by the involved services. However,
for such processing (let us call it interpretation) to occur, it is
first necessary to perform a preliminary technical processing, re-
quired by all services. The schematicidiagram showing the collec-

tion and processing of Informaticn 1s glven in Figure 31.
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The AES, in addition to remote sensing {flow @l) may also col-

lect Iinformation

radicbands (@27T
flow. The total

ceiving statien,

trackling data which is necessary to subsequent processing.

directly from Earth, sea, and air stations on special

Data from service instrumentation (¢3) adds to the
flow of information (@Z) is transmitted to the re-

whose instrumentation determines addifional AES
All the

informatlcon is usually recorded on magnetic reccrders.

Technlcal processing may be carried out in centers', which are
assoclated with the receiving stations or which are at a .distance
from them. In the latter case, there must be a special communica-
tions or transportation link between the recelving station and the
center of technileal processing. The results of technlcal data pro-
cessing are gilven in a formet convenient for special and 1nter-

pretational processing.
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In examining the operational prihciple of the television devices

and scanning radiometers, we became convinced that they generate a
significantly greater number of signals per unit time (perform more
megsurements) than do any other non-scanning devices. In addition,
it was noted that the reading speed of the output signal from the
sensitive element 1n scanning radiometers could not be decreased in
comparison with the scanning speed cof the surface elements. There-
for, the maximum infcormation delivgry rate for given values of the

resolution 7 and swath width L is attained by scanning radiometers.

Let us determline the amount of information (more correctly, the
number of measurements) delivered by an optical scanning radiometer

during 24 hours of uninterrupted operation onboard the satellite.

 The -AES completes %E—EQEEE orbits about the Earth per day. It
orbit
sees a surface: ;
24
S LQ‘T" ,7#,,(m),
,@grb.lﬁt\

where ?J — radius of the Earth, [25 57310 10 u)(
L swathJ s width.

If the required resolution on the Earth's surface isfﬁz square
meters, while the intensity of illumination of each element is deter-
mined by the accuracy, reqguired for cocding K — binary category code,
then N channel scanning radiometers produce a data flow equal to:

2y
U-JW%L“:—:,_ ! k/l/ (bits).
bIg] Va
For example, let: R \
L=logkn | L= mowﬂ /(é6,

N=h 7‘:45@1“\

where

cé?{) ’c 100 /o /( /0 6 o e

.0'15 ﬁjy(bits/sec),
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This means that the data reception rate from such a device 1s

approximately:

Coxd .@7 bits/sec.
A side looking radar with resolution I N 100 m requires pulse

widths of not more than Tsig < %i'% 0.6 wec. In coding the inten-

5ity level of the return from each element with a six bit code, the

datz willi be received at a rate of nearly 107 bits/sec.

The rate of data reception-from‘non—écanning devices, from low
resolution devices, as well as from Earth and sea data sources,
received over data lines, is smaller by 2 - 4 orders of magnitude
thian the indicated figures. Therefore, as an approximate estimate,

it may be assumed that all the instrumentation onbeocard an AES (ex-

cluding photographic cameras) prD@uce a total data flow at the rate of:

Cs = /0?+jos’/ bits/sec.
Recelving stations "see" the satellite during a limited time

period, for example, T seccnds per day. Therefore, data obtalned

see
onboard the satellite during the course of a‘day has to be recorded
on magnetic tape for subseguent transmission to Earth during a time-
T

sea’ Thls means that Wﬁth T;;C= 15 minufes, it will be necessary tgj

transmit data at the rate of:

& 107 - 1010

C A
trans v

bits/sec.
This requlires very wideband channels of communications to

provide such good signal-nolse ratio.

It would be convenient to use a satelllite data transmission
system for the study of natural resources, such that the time of
transmisslon would not be foo small in compariscn with the data input

time from the AES instrumentation. A poszssible communication system
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could be as follows. Data for the AES Investigating natural re-
sources 1s directly transmitted to ground stations via a space re-
translator, located on a geostationary communications satellilte.

This satellite "sees" the research AES during a considerable fraction
of thelr periods of rotation. For an AES with H = 645 km, it is
approximately half of T ..., while for an AES with H = 64§9fkm,

it is approximately 0.72 T In turn, the communications satel-

orbit’
lite is "stationary", and carbe seen by nearly all the receiving

stations on the Earth's hemisphere.

Taking into account thg fact that much of the encrmous incoming
flow of data to be processed contalns operational information, plac-
ing constraints on the data reduction time, there 1s a tendency %o
automate all laborious processes, This 1s accomplished by the
creation of special devices for the comparison and reduction of
data, as well as by use of digital and analog computers.

List of Probliems

The State df”investigation'of”ﬁaturalnreSoﬁfééSﬂfrbm'$béd§-4
requires the solutlon of a number of methodological, instrumental,

technical, and organization problems. In particular, these include:

1. Theoretical and experimental determination of the relation-
ships between the characteristics of natural formations and their

remotely sensed parameters.
2. The determination of the recognition characteristics of
natural formations and the quantitative determlination of thelr char-

acteristics. The automation of these processes.

3. The development of the methods and algorithms for the cal-

culation of atmospheric effects.
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L. The development, 1n all possible ways, of radio methods and
means which are especlally necessary for inelement weather conditions.
The creation of a light-weight, low-cost radar system with a syn-
thetic aperture.

5. The development of methods and means of investigatling sub-
surface resources from space. The pursult of an exact determination

of the occurrence depth of natural fermations.

6. The development of the methodology and means of automati-
cally processing images in order to ensure the timely delivery of
information to users. Formulation of data selection and compression
methods onboard satellites in order to reduece the flow of measure-
ments transmitted to Earth.

7. The Qevelopment of principles and methods of immediate sig- -
naling of remote sensing of dangerous "natural" phenomena (fires,
sigﬁs of veolecanic activity, anomalous conditions of the atmosphere
and the world's waters).

8. The development of principles and means of immediate data
fransmission from satellites directly to the regiocns which are énd—
‘h§ers of the data. The attainment of the principle of'diréctional'
transmission of information from the satellite to the reQuesting
smaller ground station.

9. The compllation of catalogs of remotely sensed natural ' /7L
formaticns and their characteristics (according to .their geometric,
spectral, evolutional, and other characteristics).

In conclusion, it should be eﬁphasized that the development of
methods and means of remote sensing of varicus media, the automation
of recognition processes and of other methods of information pro-
cessing will have a progressive effect, in our opinion, on the per-
fectiaon of old,\ and the creation of new sclentific methods (parti-

culérly, quantitative and numerical) of investigation in various
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branches of science and sectors of the economy. It appears, further-
more, that the development of methods and means of investigating
Earth formations from space will aid astrophysics in collecting

mere complete and reliable data in the future on extratervestrial
objects.

Some of the drawings presented in this paper were reprodpced
from the Proceedings of the International Symposium on Remote Sensing
of theAEnyironment,'held'at the University of Michigan, U.3.A.,
in 1971.]
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